This paper reviews CIE colour appearance models over the last three decades. It is divided into three stages : pre-1997, between 1997 and 2002 and post 2002. Before 1997, a number of colour appearance models were developed and experimental psychophysical datasets were accumulated to aid the development of these models and help with their verification. In 1997, CIECAM97s was the first model formally recommended by CIE. In 2002, CIECAM02 was recommended, a refinement of CIECAM97s. These models were limited to related colours of approximately two degrees, viewed under photopic conditions. Since that time work has progressed to develop a comprehensive colour appearance model to include the prediction of correlates of colour appearance over the photopic to scotopic range, the variation of stimulus size, the appearance of unrelated colours -light sources -and a uniform colour space to allow the calculation of colour difference in appearance space.
Introduction
The beginning of colour appearance research, from a CIE perspective, can perhaps be traced back to David Wright, working at Imperial College in London. Following his pioneering work 1 (which, together with that of Guild, 2 led to the recognition of what we now know as the CIE 1931 Standard Colorimetric Observer, defined by a set of all positive colour matching functions 3 ), Wright embarked on experimental work to investigate, amongst other things, haploscopic colour matching in the presence of 'white' light surrounds. 4 As shown in Figure 1 , an observer viewed two juxtaposed fields through an eyepiece such that the left field was seen by the left eye and the right field by the right eye while each field had a separate, and different, surround adaptation field. After allowing time to adapt to the respective fields, the observer was then asked to adjust the variable stimulus, C2 to match the fixed stimulus, C1 by separately altering amounts of red, green and blue light. The aim was to produce what we now know as 'corresponding colours,' i.e. sets of XYZ tristimulus values that appear to match when viewed under two different surround adaptation conditions. While this experimental method was found to be unpleasant because of the constrained eye movement achieved by the use of a dental clamp to keep the head stationary, and the fact that the two eyes were separately adapted to different lights causing binocular rivalry, the data produced by this type of experiment has proved invaluable in validating colour appearance models.
At a meeting held at the National Physical Laboratory in 1957, David Wright noted that 'The definition of a colour by its X, Y, Z tristimulus values, although it involves an observer and is therefore based on subjective observation, does not in itself define the appearance of the colour. ' 5 Thus, while there was a well-established method of measuring colour there was, as yet, no methodology to describe the appearance of colour.
It was not until the 1980s that other methods were used for scaling the colour appearance of coloured samples, namely memory colour matching 6 and magnitude estimation, 7, 8 to avoid the problems associated with the haploscopic method.
Pre-1997
In 1982 Robert Hunt, working at the Research Laboratories of Kodak Limited in Harrow, UK, devised a model of colour vision 9 that provided a basis for predicting colour appearance that was in good agreement with data available at the time including established colour order systems (e.g. the Swedish Natural Color System 10 ). The basic model provided predictions of colour appearance using illuminants other than daylight and the input data included the colour and absolute level of the illumination and the colour of the surround to the sample. The output of the model included correlates of the hue, the lightness and the chroma of the sample. Early work by Pointer provided data to validate this model 11 and also led to the use of the term 'colourfulness' to describe the lightness related strength of a colour. 7 A colour appearance model should comprise at least three stages: a chromatic adaptation transform to allow tristimulus input data for any illuminant and subsequent transformation to the illuminant used by the model, usually illuminant D65 or illuminant SE; a dynamic response function to provide a relationship between the responses of the cones in the human retina and the intensity (magnitude) of the stimulus, usually a non-linear model to allow for the known compression of the dynamic range of the input signals; and a colour space that can be used to represent the correlates of the percepts hue, chroma and lightness. Because the absolute level of the Figure 1 A typical viewing condition used in a haploscopic matching experiment. A test colour C1 is viewed by the left eye partially surrounded by a test illuminant (e.g. Illuminant A); a test colour C2 is viewed by the right eye partially surrounded by a reference illuminant (e.g. Illuminant D65); the test colour C2 can be varied being comprised of a mixture of a red, a green and a blue stimulus illumination is an input to the model, the output should also include correlates of the absolute percepts of colourfulness and brightness.
R+G+B = C2 Test colour (C1)
Working at the Loughborough University of Technology, and later at the University of Derby, a team led by Ronnier Luo, carried out experiments to accumulate data, later named the LUTCHI dataset that included over 10,000 estimations in terms of the visual attributes of lightness, colourfulness and hue under over 20 different viewing conditions. 12 These data were subsequently used to test the colour appearance models that became available including CIELAB, 3 RLAB, 13 LLAB, 14 Hunt and Luo 15 and Nayatani et al. 16 Note that CIELAB, while derived as a uniform colour space, can be considered a colour appearance space in that it derives parameters that are correlates of hue (h ab ), chroma (C Ã ab ) and lightness (L*) and includes a power function to take into consideration the state of chromatic adaptation.
In 1993, Kim et al. 17 proposed the successive Ganzfeld technique to overcome some of the problems associated with haploscopic matching. An apparatus was deigned such that one eye of the observer looked at a test stimulus with an illuminated surround, while the other eye was adapted to a neutral background illuminated by the second illuminant. Hence, more complete adaptation could be achieved. Fairchild et al. 18, 19 and Braun and Fairchild 20, 21 assessed the colour appearance of images by devising different experimental methods and their results were used to evaluate the performance of colour appearance models as applied to images as opposed to single test colours. These, and several other papers, generated large interest from the world of imaging for the assessment of the quality of colour reproduction.
At a CIE Expert Symposium held in Vienna, Austria in 1996 22 there was a strong demand from the imaging industry to recommend a model of colour vision for image applications but there were heated discussions as to the major principles to be included in any CIE recommended model. These included the ability:
To be able to adequately predict the basic visual phenomena in order for the model to be used in a variety of applications. To incorporate a dynamic response function such that a wide range of stimulus intensities can be accommodated. To cover a wide range of viewing conditions including backgrounds of different luminance factors, and simplified media (surround) viewing conditions: average surround (e.g. prints, coatings, textiles, etc.), dim surround (e.g. broadcast television) and dark surround (e.g. projected images). To be such that the spectral sensitivities of the cones should be a linear transform of the colour matching functions of either the CIE 1931 or the CIE 1964 Standard Colorimetric Observer, and the V 0 () function of the CIE Photometric Observer should be used to approximate rod vision. To include a variable incomplete-adaptation factor, to allow for situations where adaptation is not complete, which can happen in many image viewing situations. To predict a wide range of percepts: hue angle, hue composition, brightness, lightness, colourfulness, chroma and saturation. All these percepts are important in certain applications. To be able to be reversed such that a tristimulus output can be calculated from an appearance percept input. This is particularly important when using a colour appearance model in colour management systems for imaging applications. To be no more complicated than is necessary to meet the above requirements to minimise computing time. This is important when the model is to be applied to an image, pixel by pixel. To include the best features of all existing models to form a new model. To perform better than or equal to the existing best colour appearance models in predicting the selected available experimental datasets. To potentially have two models: one for dealing with all possible stimuli and viewing situations (a comprehensive model) and a second limited model for dealing with the simplest but most frequent applications, respectively. The comprehensive model, for example, should include the ability:
To predict appearance correlates at photopic levels of illumination through the mesopic range and down to the scotopic level.
To deal with stimulus sizes greater than, or indeed smaller than two degrees, a limitation of the current models. To be able to be applied to unrelated colours such as those seen with dark surrounds in isolation from other colours -current models are only proven to be applicable to related colours. To be able to predict the simultaneous colour contrast effect -an effect not considered in early, simpler models, largely through the lack of suitable experimental data.
In 1997, only a 'simple' model, CIECAM97s, was recommended by CIE. 23 Overall the model gave good predictions of the LUTCHI dataset, i.e. it was the best predictor of both lightness and hue, and ranked second for the prediction of colourfulness being very close to the slightly better predictions of the best Hunt model. 24 The performance of CIECAM97s was considered to be highly satisfactory and it was agreed by CIE to recommend its use for general industrial applications. 25 
Between 1997 and 2002
Following the recommendation by the CIE of CIECAM97s, a new CIE Technical Committee was formed to evaluate the model specifically in open colour management systems as used in imaging applications.
One topic that has been closely associated with on-going colour appearance research is chromatic adaptation, specifically the derivation of a Chromatic Adaptation Transform (CAT) that can adequately model the adaptation process and be included in a colour appearance model. The transform that formed part of CIECAM97s was CMCCAT97, 26 which was not the usual linear von Kries type of transform but had a power function in the blue channel as had an earlier model derived by Nayatani. 27, 28 This had the awkward outcome that the appearance model could not be analytically reversed; iteration was required to achieve a satisfactory solution and this was regarded as a serious limitation for applications in the imaging industries. Initially the International Color Consortium (ICC), a group of industrial users of colour management systems, simplified the process by removing the power factor but subsequently Li et al. 29 developed an efficient iterative method to make CMCCAT97 reversible. Li et al. 30, 31 further developed CMCCAT2000 to simplify the model and give more accurate predictions of the visually corresponding colour data.
Later, Li. 32 devised a new CAT by fitting the corresponding colour data without the McCann dataset which was derived using highly coloured illuminants, i.e. highly saturated, low luminance, light sources, which led to data that behaved quite differently from the other datasets derived using various 'white' light sources. This new CAT, known as CAT02, became part of CIECAM02. Finlayson and Su¨sstrunk 33 also developed a new CAT, using so-called 'sharpened sensors' and this found great favour at the time. There were also a number of papers published that described inter-comparisons between the results of using various CATs, e.g. Calabria and Fairchild, 34 who found the results to be not very different between transforms.
Another topic that received attention was ways of modelling the effects of chromatic adaptation under mixed illumination conditions, e.g. the peak white of a TV or computer display, viewed in a room with ambient lighting of a different colour temperature. Henley and Fairchild 35 found that by optimising the best ratio between the two adapting illuminants, all chromatic adaptation transforms greatly improved their performance in predicting corresponding visual data.
CIECAM97s was already equipped with an incomplete adaptation factor (D) and Sueeprasan and Luo 36, 37 found that, by setting this factor to a value of 40%/60% between the monitor white and white of the ambient illumination, the model predicted the effects of incomplete adaptation moderately well. This work later contributed to a CIE Technical Committee which made a recommendation on how to deal with adaptation to mixed illuminants. 38 Modelling the correlates of saturation, chroma and colourfulness percepts have always given the most difficulty in the derivation of colour appearance models: the difficulties are well described by Hunt. 39 Juan and Luo 40 derived a method for the assessment of saturation using painted cubes, as opposed to the flat two-dimensional samples usually used for colour scaling experiments, for assessing saturation by the painted cubes and their results were used to modify the saturation (s) scale in the CIECAM97s model.
In 2004, the CIE recommended a new model: CIECAM02. 41, 42 It was not only a refinement of CIECAM97s, removing many shortcomings, but also an improvement giving equivalent or better predictions of the colour appearance datasets. As an example, Figure 2 shows the chroma predictions of the samples in the Munsell Book of Color 43 using the (a) CIECAM97s, (b) CIELAB and (c) CIECAM02 models. The results show that the CIELAB C* ab scale gave the largest scatter compared with the other two models, but the best fit line does go through the origin. The CIECAM02 model outperforms both of the other models, i.e. it gives the smallest scatter of the data and converges to zero for neutral colours.
The following summarises the differences between the CIECAM97s and CIECAM02 colour appearance models that led to the latter being considered an improvement:
The use the CAT02 chromatic adaptation transform improves the predictions of the appropriate experimental data. The correction of an 'error' such that the lightness (J) was not equal to zero for a stimulus having a Y tristimulus value of zero. The relative sizes of the gamut volumes calculated from the colour appearance model now rank from largest to smallest in the order of average, dim and dark surround condition as would be expected. The prediction of colourfulness and chroma has been improved: it was known that CIECAM97s predicted values for these parameters that were too high for colours close to the neutral axis. The known poor prediction of saturation (s) has been improved after consideration of the experimental data derived by Juan and Luo, 40 which were the only saturation data, available at that time, to test the colour appearance models.
2002 to the present day
Since its recommendation by the CIE in 2002, use of CIECAM02 has spread rapidly. In some companies, it has become part of their de facto practice and they have implemented it as part of their colour management systems. In the research field, this has been a period of both consolidation and extension of the model. A notable extension was provided by Li et al. 44 and Luo et al. 45 who extended CIECAM02 to include a uniform colour space by fitting available colour-difference datasets which were divided into large (average ÁE Ã ab 410 units) and small (average ÁE Ã ab 55 units) groups, respectively. The spaces developed were named CAM02-LCD and CAM02-SCD, respectively. Also, a further space named CAM02-UCS was derived to fit the combined large and small colourdifference data. The results of various tests showed that this latter space was adequate to predict the data over the whole range and so the concept of separate spaces for different ranges was dropped. Figure 3 shows the experimental ellipses accumulated for assessing colour-differences of homogeneous colour patches for (a) CIELAB and (b) CAM02-UCS, respectively. It can be seen that all the ellipses in CAM02-UCS are, with few exceptions, approximately circular and of a constant radius, but the sizes of the ellipses in CIELAB range from the smallest close to the neutral axis to the largest representing very high chroma colours. This uniform colour space has been found to be very useful in the derivation of the new, recently agreed, colour rendering indices to be recommended by CIE for field trials. These indices are similar to those proposed by IESNA TM-30-15 46 and are intended to be used in addition to the present CIE recommendation, CIE-R a , 47 at least for the time being.
There are many parameters in CIECAM02 that affect the prediction of the colour appearance of a stimulus. Examples include the effect of the background, the surround and the size of the stimulus. These were not previously well defined. Fu et al. 48, 49 conducted experiments based on samples to verify the definition of the luminance factor, the Y tristimulus value, of the background and the change of viewing distance and field size between background and surround. Park et al. [50] [51] [52] set out to develop a colour management system for mobile-phone applications. After slight modifications to CIECAM02 model however, they found that this revised model predicted their visual results well under a variety of surround conditions that are available to mobile phone users.
Choi et al. [53] [54] [55] carried out work to assess the quality of images on a large TV display. They developed new image quality percepts including naturalness, colourfulness and local contrast, based on the parameters of CIECAM02. Jun et al. 56 developed emotion scales to predict the excitement and pleasantness evoked by each of a set of pictorial images.
More recently, work has focused on new scales which are all derived from the output parameters of CIECAM02. Cho et al. 57 recognised that the definitions of the colour percepts 'colourfulness,' 'chroma,' and 'saturation' are difficult to understand in that they can appear, to untrained observers, to have very similar meanings. In their study, they found that 'saturation' and 'vividness' seem to be well received by both British and Korean observers who did not have a colour science background. In addition, they also studied the use of attributes such as 'blackness' and 'whiteness' found in the Swedish Natural Color System. Although the CIECAM02 colour appearance model enjoys popularity in scientific research and industrial applications, since it was recommended by the CIE in 2002 it has been found that computational failures can occur in certain specific cases such as during the processing of images in cross-media colour reproduction applications. Li et al. 58 have published proposals to alleviate the difficulties in these applications.
All the proposals developed, however, rely on the same structure of the original CIECAM02 model and solve the problems concerned at the expense of losing accuracy of predicted visual data compared with the original version of the model. In a recent paper by Li et al., 59 the structure of the CIECAM02 model has been changed and the colour and luminance adaptations to the illuminant are completed in the same space rather than in two different spaces, as in the original CIECAM02 model. It has been found that the new model (named CAM16) not only overcomes most of the previous problems, but also the performance in predicting the results from visual experiments is as good, if not better than that of the original CIECAM02 model. Furthermore the new CAM16 model is simpler than the original CIECAM02 model. In addition, if considering only chromatic adaptation, a new transformation CAT16, is proposed to replace the previous CAT02 transformation. Finally, the new CAM16-UCS uniform colour space is proposed to replace the previous CAM02-UCS space. Thus a new solution for colourappearance prediction and colour-difference evaluation can now be offered.
The ultimate goal is a comprehensive colour appearance model that will include effects such as that due to the size of the stimulus 60 and the prediction of appearance correlates for unrelated colours under photopic to mesopic vision. [61] [62] [63] [64] As an example, Wei et al. 65 describe a model that can predict appearance correlates under all these conditions.
Further development
As for future development, a recent experiment conducted between the KU Leuven University in Belgium and Zhejiang University in China has demonstrated the need for further improvement to the colour appearance model. A colour-calibrated data projector was used as a light source to enable separate colour control of the adaptation, background field and the test objects. The objects were a green apple, a ripe yellow banana, a ripe red tomato and a blue Smurf TM and hence their colour was familiar to the observers. The output of the data projector was adjusted by each of the panel of observers to obtain a match between the colour appearance of each object and the observer's memory colour of that object, under 13 different illuminants that included five high chroma sources. This method provided a stable adaptation environment that avoids switching back-and-forth between two illuminants, and ensures the benefits of successive matching. From the results of these experiments, three areas of the colour appearance model that need to be improved were identified: the chromatic adaptation transform, the incomplete adaptation factor and the modelling of the colour contrast effect. For chromatic adaptation, the idea is to consider a two-stage chromatic adaptation transform, such as CAT16, that includes a forward and an inverse transform via an intermediate reference white, e.g. the equal energy white (SE), or a daylight source (e.g. D65). Conventionally, only a forward, or one stage, model from the non-daylight source to a daylight source has been used. This point has also been addressed by Li et al. 59 in the development of CAT16.
The second area is the enhancement is of the incomplete adaptation factor. Results of experiments by Zhai et al. 66 showed that the performance of CAT02 could be enhanced by extending its incomplete adaptation factor (D) to include consideration of the chromaticity of the background colour as well as its absolute luminance level.
As far as colour contrast is concerned, there have been debates as to the reasons for the large colour shifts found in the Zhai et al. study, 66 i.e. are they due to chromatic adaptation or to colour contrast with the background, or indeed, to a combination of both effects? The current colour appearance models are not able to predict the colour contrast effect.
From the above, it can be seen that great progress has been made over the years in colour appearance research. We now have a series of 2016 models (CAT16, CAM16, CAM16-UCS) that give good predictions of correlates of colour parameters for many applications, There is still, however, room to improve the accuracy of the model and to extend its application. The key to future success is to produce new, high quality, visual experimental results. For further reading on this topic see the books of Hunt and Pointer 67 and Fairchild. 68 
Conclusions
Colour appearance models first arrived in 1982. 9 Since that time CIE has recommend two models CIECAM97s and CIECAM02. The later has been extended to include a uniform colour space, CAM02-UCS, and enhanced to overcome some deficiencies. There is now a proposal that it should be replaced with a new model, CAM16, hopefully with CIE approval. But the work is not finished. The planned comprehensive model has yet to appear, but the extensive experimental work carried out over the last two decades has resulted in a considerable amount of visual data that will aid the modelling process. Watch this space! Declaration of conflicting interests
